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ABSTRACT
The restrictions on the use of hydrofluorocarbons with a high global warming potential (GWP) are increasing on a
global scale. They can be cost-driven or politically enforced. In Europe, the EU regulation 517/2014 restricts the
refrigerants currently used in household appliances, such as R-134a, so new systems and working fluids must be
investigated as replacements. The trend in domestic appliances with heat pumps, such as tumble dryers, is towards
using propane as a refrigerant.
This paper presents an experimental comparison of different refrigerants in a heat pump tumble dryer test rig. The
original working fluid is R-134a, and the tests performed investigate a zeotropic refrigerant blend. The retrofit of the
system for each new refrigerant is minimized. Modifications made to the system focus on adapting the throttling
device to create a stable operating point.
The cycle performance is evaluated using various parameters such as refrigerant mass flow, compressor input power,
energy consumption and the duration of a standard drying cycle.

1. INTRODUCTION
A recent study shows that the overall trend for domestic refrigeration appliances is rather steady in the total stock in
Germany. Meanwhile, the number of heat pumps increased drastically throughout the past ten years, showing that the
appeal to the consumer is large (VDMA Air-handling Technology, 2020). Numbers also show, that despite the
increasing number in stock, the overall energy consumption does not increase proportionally. The heat pump
technology is recognized as an efficient technology for providing heat and it replaces other ways like burning gas or
heating electrically. A simple but important example for said change in technology is the domestic tumble dryer. The
energy savings of about 65 % achieved with a domestic tumbler drier relative to a traditional dryer is a convincing
argument for consumers (GED, Gesellschaft für Energiedienstleistung - GmbH & Co KG, 2020). As 40 % of German
households own a tumble dryer, the total saving potential is considerable (Statistisches Bundesamt (Destatis), 2020).
A governmental program promoting the change to a heat pump tumble dryer is a supporting argument that this
technology will replace dryers utilizing conventional electric heating in the end.
Early heat pump tumble dryers (HPTD) used R-134a for the vapor compression cycle. In Europe, the trend leans
towards R-290 (Propane). In terms of sustainability, propane is a promising solution because it is a natural substance
with a lower global warming potential (GWP) and higher specific cooling capacity than R-134a. Further increase of
the unit efficiency is achievable by component and process optimization. While a capacity controlled compressor and
an adjustable expansion valve would improve the system efficiency for the range of operating conditions, it would
increase the price too much. That is why this paper focusses on the adaption of the process by applying a zeotropic
refrigerant blend.

25th International Compressor Engineering Conference at Purdue, May 24-28, 2021

1012 Page 2
2. BENEFIT OF ZEOTROPIC REFRIGERANT BLENDS
The domestic appliance is a mass product. Its components must be available, low-cost and safe to handle for the
customer. The complexity of the tumble dryer increases with the use of the heat pump, but that should not affect the
customer experience. As high GWP refrigerants such as R-134a undergo a phase-out out of the market within the
scope of the EU F-gas regulation (Reglation (EU) No 517/2014 of the European Parliament and of the Counsil, 2014),
they become less attractive for the product. In the past years, the predominant replacement for the present type of
appliance is R-290 (UN, TOC, 2019). As a natural refrigerant the acceptance is good, the specific heat is twice as high
as R-134a and it is widely available. On the downside, the pure hydrocarbon is flammable. To some manufacturers
and some regions in the world, this property can be unacceptable for a home appliance in terms of safety. An alternative
refrigerant must meet the environmental as well as the thermo-physical requirements. In opposition to a standard
refrigeration cycle, the heat pump system is characterized by a high evaporation and high condensation temperature.
Consequently, suitable refrigerants require a rather high critical temperature and a low GWP, limiting the choice of
pure substances.
The composition of a refrigerant blend poses the opportunity to combine several pure fluids, which on their own,
would not fit the criteria. Additionally the resulting temperature glide is beneficial to the drying process. Typically,
the condenser heats up the dried air by more than 10 K. The benefit of the zeotropic mixture in the cycle is depicted
in Figure 1. The black curve of the left diagram shows the idealized behavior of a pure refrigerant in a Carnot-cycle.
The red curve represents the temperature curve of the secondary fluid, which is air in this case. The temperature of
the refrigerant is constant whereas the air temperature changes continuously. In an ideal heat exchange, the
temperature difference between the fluids would remain constant, thus reducing exergetic losses as shown in the right
hand diagram of Figure 1. So, by using refrigerant mixtures with a temperature glide similar to the secondary medium,
the efficiency of the heat exchanger can be increased.
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Figure 1: Process in the 2-phase area of the T-s diagram.
Left: pure refrigerant (Carnot process). Right: zeotropic refrigerant blend (Lorenz process).

2.1 Selection of Refrigerant Blend
The basis for the zeotropic refrigerant blend is the HFC-152a. In comparison to R-134a, it contains less fluorine, the
GWP is below 150, and the critical point is higher, as summarized in Table 1. However, the substance classifies as
A2 refrigerant, thus being mildly flammable. The addition of a class A1 substance with low GWP is therefore
beneficial to achieve a promising refrigerant blend. In the present case, the addition of small amounts of the natural
refrigerant R-744 (Carbon dioxide) results in an A1 safety classification. Moreover, the difference in critical
temperature of the two substances results in a relatively large temperature glide.
Table 1: Critical point of relevant fluids
R-152a

R-134a

R-744

critical temperature

[°C]

113.26

101.06

30.98

critical pressure

[bar]

45.17

40.59

73.77
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The actual composition of R-152a and R-744 in the refrigerant blend depends on the application and required
temperature level of the drying cycle. Figure 2 shows the piping and instrumentation diagram (P&ID) of the
underlying heat pump cycle. The numbers 1 to 4 mark the points of state within the refrigerant cycle and the
letters A to C mark those of the air circuit. The air parameters considered for the calculation are shown in Table 2.

Capillary

tube

Figure 2: P&ID of the heat pump tumble dryer.
Table 2: Air parameter as basis for the calculation
Temperature T

Relative humidity φ

[°C]

[%]

A

62

26

B

42

83

C

35

100

Point of state

According to the boundary conditions, the temperature glide of the air across the condenser (from C to A) equals 27 K.
The temperature change across the evaporator (from B to C) of 7 K is rather small because its main purpose is to dry
the air rather than cooling it down. Therefore, the high-pressure temperature glide is the basis for investigation.
Theoretical considerations resulted in a final composition with a mass ratio of 90 % R-152a and 10 % R-744. At a
condensing pressure of 22.4 bar (corresponding to 70°C saturated vapor) the temperature glide equals 17.3 K. Further
subcooling of the refrigerant within the condenser can then match the total temperature change necessary.
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3. EXPERIMENTAL METHOD
3.1 Experimental Setup
A commercially available laundry dryer was used to validate the theoretical considerations. As shown in Figure 3, this
dryer contains a compact refrigerant cycle consisting of an evaporator, a condenser, a rolling piston compressor and a
capillary tube.
For the measurements, all parts but the heat exchangers were positioned outside of the dryer to enable the installation
of sensors and instrumentation. The cycle was equipped with five pressure sensors, five thermocouples within the
refrigerant cycle and the compressor and a Coriolis mass flow meter. The power consumption of the compressor was
measured with a power meter and the total energy consumption of the dryer was measured with a household energy
meter.
The measured values of pressure, temperature and humidity were recorded using the software LabView, whereas the
mass flow, the performance of the compressor and the performance of the entire tumble dryer was done with
proprietary measurement software. The measurement cycle has been designed to ensure that all components can be
easily replaced and that the pipes can be quickly and easily cleaned of oil residues. The experimental set-up of the
converted refrigerant cycle is shown in Figure 4.
In the original set-up, the refrigerant cycle was placed inside the tumble dryer housing. Due to the heat dissipation of
the compressor in the confined space below the drum, as well as the waste heat from the drum and compressor itself,
the ambient temperature of the cycle rose steadily during the drying process. Since none of the copper pipes are
insulated, this increase in ambient temperature influenced the temperatures of the entire refrigerant cycle. In order to
maintain similar environmental conditions as in the original state, the modified refrigerant cycle was covered by a
glass box as shown in Figure 5.

Figure 3: Disassembled original refrigerant cycle. Gold: Evaporator, silver: condenser.

2
3
4
5

1

Figure 4: Real refrigerant cycle in a modified state for measurement purposes.
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Figure 5: Modified refrigerant cycle set up.

3.2 System Characteristics
The experimental set-up described the location and type of measurement sensors installed in the system. The system
control solely consists of the existing program of the tumble dryer. The behavior of the refrigerant cycle is transient
during operation because it lacks any instrumentation actively controlling the cycle. As a result, the system highly
depends on the surrounding conditions. The influence of the rise in temperature is exemplified in Figure 6 for a
measurement using the refrigerant R-134a. While the ambient temperature of the tumble dryer remains constant at
25°C, the refrigerant cycle ambient temperature rises to an average of 35°C throughout the measurement.
Shortly after starting the compressor, the hot gas temperature at the condenser inlet (T2) as well as the temperature in
the liquid line at the condenser outlet (T3) rise sharply. At the same time, the temperatures at the evaporator inlet (T4)
and in the suction gas line (T5 and T1) decrease due to the pressure drop when the compressor starts. A few minutes
later, the warm-up process becomes apparent at all temperature-measuring points.
An additional fan located near the compressor automatically switches on as soon as the discharge gas temperature
exceeds the set point predefined by the manufacturer. After an operating time of approx. 90 minutes, the temperature
in the direct vicinity of the compressor increases briefly at shorter intervals (see Figure 6). The condenser inlet
temperature fluctuates as the compressor cooling reduces the discharge gas temperature (T2).
The high pressure rises strongly with increasing hot gas temperature, while the low pressure remains at a constant
level after approximately one hour of drying time until the end of the drying program (Figure 7).
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Figure 6: Exemplary temperature curve of a measurement with R-134a
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Figure 7: Exemplary pressure curve of a measurement with R-134a.
The drum containing the wet laundry stops at regular intervals and with it the fan that circulates the air in the laundry
circuit. These stops are clearly recognizable from the peaks in the measured values. During this phase, the condenser
can no longer dissipate heat. Hence, the temperature in the liquid line rises accompanied by a simultaneous increase
in pressure. The rising temperature prevents subcooling of the refrigerant and it therefore enters the capillary tube inlet
in a two-phase state. At the same time, the heat absorbed by the refrigerant in the evaporator decreases, which causes
a temperature-drop in the suction gas line thus the suction gas pressure. The energetic evaluation of the refrigerant
cycle regards the last few intervals between the drum stops as the cycle reaches a quasi-steady state.
The resulting short-term increase in the pressure ratio leads to an increase in the power consumption of the compressor
and a simultaneous decrease in the electrical power of the overall system (see Figure 8), as the drum stands still. After
approx. 165 minutes, a strong pressure drop is observed marking the end of the drying program. As seen from the
performance curves in Figure 8, the compressor stops first and the drum about one minutes later.
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Figure 8: Compressor and dryer performance.
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4. ENERGETIC EVALUATION
The energetic evaluation of the tested refrigerant blend focuses on the energy consumption of the device, the drying
time and the COPH (coefficient of performance for heating) based on the average of the quasi-steady intervals
previously described in section 3.2 (see Figure 7). In accordance with DIN EN 61121, eight measurements were
carried out in the "shelf dry" program. For three measurements, the drum was filled with 8 kg of laundry, i.e. full load,
and for four of the measurements it was filled with 4 kg of laundry, i.e. half-full load. The measurements with a 4 kg
load were divided into Part A and B. Part B has an increased proportion of towels, while in Part A the proportion of
bed sheets is higher.
The measurement series was carried out for the original refrigerant R-134a charged with an amount of 600 g and
afterwards for the zeotropic mixture of R-152a and R-744 charged with an amount of 460 g. Before filling in the new
mixture, all pipes and components were rinsed with ethanol to remove oil residue and the capillary tube was replaced.
The compressor was filled with a polyol ester (POE) of the viscosity group (VG) 68, similar to the previously filled
POE VG 65 oil used with R-134a.
Figure 9 shows the average measurement result of the two refrigerants for an exemplary full load of laundry. The
overall pressure level remains the same but the temperature level as well as the mass flow rate decreases. The suction
state of the compressor is similar to the reference refrigerant. Meanwhile, the air-temperature at the outlet of the
condenser hardly reaches 60 °C and the average evaporation temperature is lower than before. However, the necessary
capacity to dry the laundry is given, see Figure 10. The compressor power consumption remains unchanged, as the
mass flow of the refrigerant blend is lower than the results of R-134a, indicating a greater specific work necessary for
the refrigerant blend. Further, the heating and cooling capacities of the zeotropic mixture are increased, suggesting an
improved cycle performance.
Despite the lower temperature level of the condenser, the overall drying time tends to decrease in the case of the
refrigerant blend, as shown in Figure 11. This observation is in favor of the predicted efficient heat transfer. The
energy consumption ranges in the same area. Provided that the energy consumption of the drum motor is constant for
the test series, the compressor energy consumption is therefore unchanged. The theoretically determined savings of
electrical energy could therefore not be achieved for this refrigerant blend. A closer investigation and optimization of
the heat exchangers was not carried out within the range if this test series. Comparing the performance characteristics
of both systems, it becomes apparent that the total energy consumption of the heat pump dryer is approximately the
same for the two refrigerants. Overall, the average COPH was increased from 4.1 to 4.3 by applying the refrigerant
mixture.
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Figure 9: Comparison of the pressure and temperature levels of the refrigerants R-134a and the mixture of
R-152a/R-744 for the near-steady operation. The temperature associated with the pressure on the bubble line is
marked with T’ and on the dew line with T’’.
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5. CONCLUSION
In the presented study, a heat pump tumble dryer was investigated experimentally. In accordance with DIN EN 61121,
standard drying processes were carried out in a tumble dryer converted for methodical purposes with the original
refrigerant R-134a. Subsequently, a zeotropic blend of R-152a and R-744 (90/10 mass-%) was charged as a substitute.
The temperatures and pressures as well as the mass flow in the liquid line were recorded at five measuring points in
the refrigerant cycle. In addition, the relative humidity and temperature before and after the heat exchangers were
measured. It was found that the mass flow of the blend decreases while the heat exchanger capacities increase slightly.
The pressure and temperature levels are comparable to those of R-134a. The energetic evaluation focuses on the energy
consumption and the drying time.
It was shown that the zeotropic blend has a shorter drying time while the energy consumption ranges in the same area.
The mass flow rate reduced while the power consumption of the compressor remained the same and the heat capacities
increased to some extent. Because the heat exchangers were not adapted to the new mixture with a large temperature
glide in this phase of the project, the change in COP is lower than expected.
So far, the investigations show that a zeotropic, non-flammable, low GWP mixture can be used as a substitute for R134a in a heat pump tumble dryer but that several changes of the components are necessary to exploit their entire
potential.
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NOMENCLATURE
Symbol
COP
E
h
𝑚𝑚̇
P
p
𝑄𝑄̇
q
T
v
Π
φ

coefficient of performance
energy
specific enthalpy
mass flow rate
power
pressure (absolute)
heating capacity
specific heating capacity
temperature
specific volume
pressure ratio
relative humidity

Subscript
0
C
el
HPTD
H

evaporator
condenser
electric
heat pump tumble dryer
heating

(–)
Wh
kJ kg-1K-1
kg s-1
W
bar
W
kJ kg-1
°C
m³kg-1
%
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